FERMI, based at Elettra (Trieste, Italy) is the first free electron laser (FEL) facility operated for user experiments in seeded mode. Another unique property of FERMI, among other FEL sources, is to allow control of the polarization state of the radiation. Polarization dependence in the study of the interaction of coherent, high field, short-pulse ionizing radiation with matter, is a new frontier with potential in a wide range of research areas. The first measurement of the polarization-state of VUV light from a single-pass FEL was performed at FERMI FEL-1 operated in the 52 nm-26 nm range. Three different experimental techniques were used. The experiments were carried out at the end-station of two different beamlines to assess the impact of transport optics and provide polarization data for the end user. In this paper we summarize the results obtained from different setups. The results are consistent with each other and allow a general discussion about the viability of permanent diagnostics aimed at monitoring the polarization of FEL pulses.
INTRODUCTION
The last decade was characterized by a tremendous progress in the development and achievement of short wavelength free electron lasers and FERMI, based at Elettra, Trieste-Italy, is the first FEL facility operated for users experiments in seeded mode [1, 2] . With this mode of operation, coherent emission is induced by the interaction of the electron bunch with the electromagnetic field of an external laser and then amplified by an array of undulators. FERMI can deliver high power ultra-short VUV and soft X-ray pulses, up to multi GW peak power over a pulse duration of the order of 100 fs, with a high level of wavelength and power stability [1, 2] . The wavelength tuning of the seed laser (an optical parametric amplifier, OPA) combined with the use of variable gap undulators allows generation of FEL pulses spanning a continuous wavelength range. Seeding is beneficial also to the longitudinal and transverse coherence of the emitted light [1, 2] .
Another prominent feature that distinguishes FERMI from other short-wavelength FEL is the possibility to control the polarization of the radiation. This type of control is achieved by using specially designed undulators that can change the trajectory of the electron beam, both in the vertical and in the horizontal direction. FERMI is designed around the Apple-II type of undulators [3, 4] . Apple-II undulators were extensively used to produce variably polarized light at synchrotron radiation sources. The advent of insertion devices that can deliver high brilliance and intense beams of well-controlled variably polarized light has marked a leap type of progress in synchrotron radiation research by widening the range of spectroscopic tools available to users. Strong synergy between theorists and experimental scientist ensures a constant refinement of the quantitative analysis of the data and a widening of the applicability of techniques based on variable polarization. Starting off with pioneering work exploiting the variable degree of linear and circular polarization from angular selected bending magnet radiation [5, 6] , polarization control has now become an essential tool to study systems with axial anisotropy such as oriented (e.g., chiral or magnetic) or aligned (e.g., antiferromagnetic) systems [7] . Circular or linear dichroism in the spectral distribution (photon energy dependent, measured by absorption or photoemission spectroscopy) or spectral intensity (angular resolved, observed in photoemission spectroscopy) can be measured when exciting core-or valence-electrons in atoms from anisotropic systems by means of radiation with a well defined polarization [7] . Circular and linear polarized light states in fact, present a well-defined orientation or alignment respectively that can probe the anisotropy in matter. Although light can only probe directly the space coordinates of bound electrons, thanks to spin-orbit interaction, circular and linear dichroism are very effective in the analysis of spin states without requiring a spin sensitive detector.
The advent of a VUV-XUV FEL type of source with variable-polarization such as FERMI, is also expected to yield major scientific advances. Experimental activity making use of the, so far uniquely available, native circular polarization has already taken place [8] [9] [10] [11] . FEL research in general involves single and multicolor non-linear optics, high coherence for imaging and time resolution. All these features, combined with the availability of circular polarized FEL light are expected to expand the range of circular dichroism experiment that can be made available. Circular dichroism in multi-photon absorption was recently measured in a two-color (pump and probe) photoemission experiment from atomic He [8] . In this type of experiment, orientation in the initially spherical symmetric He atom is induced by a circularly polarized VUV pump photon from the FEL, promoting one electron to an energy level above the He atom ionization potential (IP). This orientation is then probed with virtually zero time delay by further absorption or stimulated emission of one or more circularly polarized infra-red (IR) photon with splitting of the photoemission line into side-bands [12, 13] , whose intensity and angular distribution depend on the relative orientation of the VUV and IR photon spin [8, 14] . This circular dichroism is specific of two-color experiments [14] . The time resolution offered by FERMI opens new perspective in the application of VUV/X-ray circular dichroism to the study of magnetization dynamics. In this path of research dichroism in the coherent diffraction imaging (CDI) of ferromagnetic materials was recently achieved at FERMI [9] [10] [11] . Another area of research that can benefit from polarization control of FEL light is biochemistry where molecules with a given geometric orientation (chirality) are studied.
In this work we overview the experimental techniques and the results obtained for the first characterization of the polarization state of a single-pass free electron laser in the VUV. The experiment was performed at FERMI FEL1 operated in the 54-26 nm wavelength range by means of three different techniques. Two experimental techniques were made available at the end-station of beamline DiProI, and one at the end-station of beamline LDM. Each technique was used to characterize the four "pure" polarization states: horizontal, vertical, right-circular and left-circular.
EXPERIMENTAL METHODS FOR VUV POLARIMETRY AT FERMI
Benchmark polarization measurements of a new kind of light source such as FERMI need to satisfy several requirements that are difficult to achieve with a single experimental technique. The high brilliance and high longitudinal coherence of the FERMI source, even when compared with other FEL [1] allow a theoretical prediction of the total degree of polarization of the emitted light approaching 100%, for any configuration of the magnetic field of the Apple-II undulators that control the electron trajectory. So far, FERMI has been operated to produce purely linear (horizontal or vertical) or purely circular (right or left) polarization states. Despite the theoretical prediction, the demand for accuracy and completeness of the polarization measurement require an experimental technique that can completely determine the most generic polarization state, which means elliptical, and even capable of detecting residual unpolarized light. The beam is transmitted first by a perfect phase retarder; this device is characterized by an isotropic intensity transmission and by a slow (fast) axis so that the electric field component impinging parallel to this axis is retarded (advanced) by exactly a quarter wavelength (90°) relative to the perpendicular one. In this way an incoming circularly polarized photon is transmitted as linearly polarized one directed at ± 45 ° relative to the phase retarder axis, depending on the helicity of the circular state. Conversely a linearly polarized state aligned at ± 45 ° relative to the retarder axis is transformed into a circular polarized state with right/left helicity. The retarder axis can be rotated at any angle α (measured in the laboratory reference frame) in the plane of the radiation to match any beam geometry. After phase retardation, the photon travels through a perfect analyzer. This device is characterized by strong anisotropy in the transmission: only the component parallel to the analyzer axis is transmitted. Also this device can be rotated freely (angle β) to sample the whole plane of the radiation. Finally, the transmitted intensity is measured by a suitable detector. The anisotropy in the intensity as a function of β depends on the polarization state transmitted by the phase retarder. By reversing the direction of the incident light a polarimeter works as a polarizer.
Among the possible factors that can cause deviation of the actual polarization from ideal values, one must consider machine related issues, such as fluctuations of the electron trajectory, but certainly very important is the impact of transport optics, particularly in the VUV range. At the same time, for the sake of the development of single-shot experiments, or even to
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Lin hor ↔ Circ. right Lin ver ↔ Circ. left allow sorting of dichroism data collected by accumulation over multiple shots, polarization measurements at FERMI frequency rate (10-50 Hz) are a highly desirable feature too.
The problem of polarimetry in the VUV spectral region was initially tackled at synchrotron radiation sources, and the basic principles of the measurements discussed in this work owe in part to this previous expertise [15] [16] [17] [18] [19] . Complete determination of the normalized Stokes parameters (s1=S1/S0, s2=S2/S0, s3=S3/S0), where S0 is the intensity, that describe the polarization state of the light [20] , has been performed at several synchrotron radiation facilities by means of optical polarimeters, like the one schematically depicted in Fig. 1 [15] [16] [17] [18] . It shares the same basic concept with polatrimeters used in the infrared, visible and near UV range. The key elements are the phase retarder and analyzer that manipulate that polarization state of the incoming radiation in a well-controlled way (see also the caption of Figure 1 ). High level of accuracy in polarimetry measurements are readily obtained when the phase retarder has the ability of transforming purely linear states into circular ones and vice versa [15] [16] [17] [18] [19] . A perfect analyzer transmits only one component of the electrical vector of the incoming radiation. By measuring the total intensity transmitted by the polarimeter for different geometries of the phase retarder and analyzer, one can retrieve the original polarization state of the radiation (unpolarized component included) [15, 18] . Perfect phase retarder and analyzers in the shape of transmission filters are easily available for wavelength up to the near UV region. The upper limit of wavelengths that can be probed by transmission filters is determined by the band gap of the polarizing materials. In the UV region, strong absorption prevents the use of transmission filters, multilayers included, and both phase retarder and analyzer rely on the polarizing properties of reflecting surfaces [15] [16] [17] 19 ] (see also Figure 2 ). Optical determination of the polarization state requires a dedicated beamtime allocation, i.e., it is not readily compatible with other experimental activities at a given end-station. On the other hand it is an essential benchmark measurement for a beamline aiming at polarization dependent experiments. Indirect polarization measurements, i.e., from photoemission or photoabsorption data showing strong and well-characterized polarization dependence are also a common practice. In most cases this type of measurement allows to determine separately the degree of linear or circular polarization. Even though such determination is not comprehensive it can be of great practical importance. In any case indirect measurements rely very often on the direct one to provide upper and lower limits for the degree of polarization under scrutiny.
The goal of the first polarization measurements campaign at FERMI is to provide comprehensive and reliable values for the polarization state of light available to users and to assess the sensitivity of the output polarization to machine parameters. For this reason, three dedicated experiments were carried out at two different FERMI beamlines, namely DiProI [9] and LDM. Activity on DiProI is focused on coherent imaging techniques, LDM is the FERMI beamline for atomic, molecular and cluster physics studies [21] . DiProI hosted two experimental setups: an optical VUV polarimeter [15] [16] [17] 19 ] (see also Figure 2 ) and a polarimeter based on the measurement of the angular distribution of photoelectrons (form He 1s core level). This polarimeter makes use of an array of electron time of flight (e -TOF) detectors (see also Figure  5 ). Both DiProI experiments were carried out at FEL wavelengths of 22 nm and 36 nm. The experiment carried out on LDM is based on a novel approach in the field of VUV polarimetry, in fact a full Stokes parameters analysis is carried out on long wavelength (visible) light emitted by fluorescence decay from resonantly excited He: a high population of He(1s3p) atoms is generated by means of FEL light at 53.70 nm and the polarization analysis is carried out on the fluorescence from the (He1s3p)->He(1s2s) dipole decay channel delivering light at 501.5 nm [22, 23] . The experiments carried out at the two beamlines are complementary to each other: experiments on DiProi explore wavelengths that are above the IP of He and compare the results of a VUV polarimeter with the results of a potential shot to shot diagnostic such as the e -TOF photoemission device. The experiment on LDM explores the longer wavelength region below He IP. Also, it provides an assessment of a new VUV polarimetry diagnostic that although limited to the selected wavelengths of appropriate atomic resonances has the major advantage of simplicity and high accuracy. In fact, transmission filters providing perfect phase retardation and analyzing power are readily available for visible light. In the next section we describe the key features of the experimental methods and set-ups. 
EXPERIMENTAL TECHNIQUES AND DATA ANALYSIS METHODS

Wavelength shift fluorescence polarimetry at LDM
Polarimetry carried out at LDM takes advantage of the polarization properties of fluorescence light from resonantly excited atoms. With this method it is possible to convert polarized UV radiation from the FEL into visible fluorescence light with the same polarization parameters. Figure 2 reports a schematic diagram of the transition involved in the wavelength shifted fluorescence polarimeter that was mounted at the LDM end-station. Full Stokes parameters determination of the visible fluorescence light was carried out by means of a device such as the one schematically described in Figure 1 , where phase retarder and analyzer were in the shape of transmission filters. Analyzer Rotation p (Deg.)
decay light can then be analyzed by means of the aforementioned transmission optics with ideal polarizing properties. Figure 1c) shows the simple formulae that allow to retrieve the Stokes parameters from the angular scans of a visible light polarimeter: when the phase retarder angle α is set to 0 +n90°, where n is an integer, the intensity modulation I measured by scanning the analyzer angle β (see also Figure 1 ) depends only on the Stokes parameters s1 and s3, while for α=45°+n90° the amplitude of the modulation I is determined only by s2 and s3. An example of wavelength shift fluorescence polarimetry data is shown in Figure 3 (linear horizontal FERMI polarization). Circular (right and left) FERMI polarization states were also measured (data not shown) and the results are summarized in Table 1 . In a previous experiment with synchrotron radiation, the wavelength shift method allowed to measure the degree of circular polarization from a bending magnet source. In that case the experiment was performed under Zeeman splitting of the sublevels [22] . The current results prove this feature is inessential for the measurement of s3 [23] . 
The VUV polarimeter
In a VUV polarimeter phase retardation and polarization analysis are carried out by means of reflection optics. The most critical part is the phase retarder, which needs to satisfy two distinct conditions: phase retardation of the s and p components (defined by the plane of the reflection) approaching 90° and equal transmission of the two components [15] [16] [17] 19] . These two conditions are difficult to obtain in the VUV region. The situation is illustrated in Figure 4 , which compares the polarizing properties (calculated) of Au and Mo coated mirrors at 60 eV photon energy (20.6 nm). High phase retardation can be obtained for incidence angles in the region of the Brewster angle, which is near 45° for the whole VUV range and for any reflecting surface, where extinction of the p component upon reflection also occurs. To overcome this difficulty phase retarders are made to work by phase accumulation from multiple reflection optics [15] [16] [17] 19] . Improvement in the mirror coating deposition technology allows taking advantage of new and better performing materials for the mirror coating, such as Mo [17, 19] , while earlier devices relied on Au coating [15, 16] . The higher overall reflectivity of Mo compared to Au in the VUV range allows the use of four mirrors devices [17] . Mo coated mirrors can potentially deteriorate due to oxidation of the coating. This difficulty is overcome by applying thin passive layers. The phase retarder of the VUV polarimeter used at FERMI is in fact a four reflection Mo coated device with capping layer. For a best compromise between Rp/Rs approaching 1 and a 90° degrees phase retardation at the wavelengths under study, the angle of incidence was set to 20°. Prior to installation at beamline DiProI, this phase retarder was characterized at the synchrotron source BESSYII. The analyzer is made of a single uncoated fused silica mirror at 45°. The full data analysis method for VUV polarimetry measurements was previously reported in the literature [16] [17] [18] and in this paper a simple qualitative discussion is given. Like visible light polarization analysis, the dependence of the transmitted intensity I can be derived from Müller matrices formalism [16] [17] [18] , describing the modification of the polarization state by transmission through phase retarder and
analyzer. Unlike the case of visible light, with a VUV polarimeter the transmission curve I depends on all the Stokes parameters for any value of the angle rotation angle α and β and on the polarizing properties P of the phase retarder i.e., I= I(P,α,β,s1,s2,s3) [16] [17] [18] . In other words a larger number of fitting terms and a larger dataset is required to retrieve the Stokes parameters, nevertheless, reflection VUV polarimetry was successfully used at several synchrotron radiation facilities [15] [16] [17] . 
The e -TOF polarimeter
This technique provides a direct measurement of the degree of linear polarization from photoemission experiments. In fact, the linear component produces strong anisotropy in the photoelectron angular distribution (see Figure 5 ). Unlike the fluorescence and VUV polarimeter the e-TOF cannot distinguish circularly polarized light from unpolarized light, as these states give the same (isotropic) contribution to photoelectron angular distribution [25] . However with a source such as FERMI where the total degree of polarization is equal (or extremely close to) 100%, the assumption that isotropic emission is due only to the circular components is reasonable and the degree of circular polarization can be estimated (see Figure  5b ). The exact shape of the anisotropy curve depends on the photoemission dynamics parameter β, which, in turn is specific of the core level under study. In this experiment photoemission from ground state He was used. One photon photoemission from He 1s is characterized by an asymmetry parameter β=2, that is the value that ensures the largest amount of anisotropy that is physically available [25] . The e -TOF type of spectrometer is a relatively simple and compact (highly directional) electron kinetic energy analyzer that can be used with short-pulsed light sources where the time 0 of the photoemission process can be determined very accurately. For the polarization measurements at FERMI a circular arrangement of sixteen and coplanar e -TOFs, mounted on a plane perpendicular to the beam propagation direction was used [26] . With this geometry, FERMI single shot photoelectron angular distributions can be measured, yielding polarization parameters with A circular arrangement of sixteen coplanar e -TOFs sample the photoemission angular distribution I(θ) (θ is in the laboratory reference frame) in a plane perpendicular to the beam axis [24] . Anistropy in the angular distribution is directly related to the degree of linear polarization via the photoemission parameter β, which is specific of the given core level under study (for He 1s β=2) [25] . Unpolarized or circularly polarized light provide the same type of isotropic emission. However, with a high polarization source such as FERMI one can assume that isotropic emission is due uniquely to circular polarized light. With this assumption one can retrieve the full polarization state parameters (see panel b.2). The polarization states shown in this figure are examples. (1) where, Ptot is the total degree of polarization. Note that e -TOF polarimeter measures directly the degree of linear polarization Plin and the tilt of the linear component Ψ, which corresponds to a direct measurement of the Stokes parameters s1 and s2. The degree of circular polarization s3 reported in Table 3 is calculated by means of (1), under the assumption that Ptot=1 (see also the formulae in Figure 5b ). The first remark is that all measurements carried out with the three different polarimeters on linear states are consistent with the predicted high degree of total polarization of the FERMI FEL source. The results from setups that measure directly the degree of circular polarization, namely the fluorescence and the VUV polarimeter, show that FERMI can perform high quality circular dichroism experiments both in terms of polarization and polarization reversal. The results from all techniques are consistent with a non-negligible residual of linear polarization from nominally circular states, which is measured by the parameter s1 and s2. Thus the nominal circular state is actually elliptical [20] . The effect is more pronounced at long wavelength (see Table 1 ). The linear state observed along with the nominally pure circular one has a defined trend: the value of s1 is always negative the value of s2 switches from positive to negative along with s3, which means along with the circular polarization. These are the Stokes parameters of elliptical states with the major axis closer to the vertical direction and with a mirroring switching along the same vertical direction [20] (see also Figure 7 ). Figure 6 . Phse retardation ∆ψ and reflectivity ratio ρ between the horizontal and vertical component of the electrical field upon transmission through beamline LDM, as derived from Fresnel equations. On LDM a total of of seven reflections steer and focus the beam from the source to the end station. C coated mirrors: four horizontally steering with incidence (glancing ) angles: 5°(x1), 2.5°(x2), 2°(x1); Au coated mirrors: two veertically steering (one focusing) with incidence angle 2° and one horizontally steering (and focusing) at 2° glancing incidence. Beamline DiProI is composed by six optical elements: three C coated deflecting horizontally with incidence angles angles 5°(x1), 2.5°(x2) and three Au coated sharing the same parameters with the LDM ones. The database of optical constants used for these calculations are as follows: Au from ref. [24] (whole wavelength range); C from [24] (wavelength range 31 nm-80 nm) and from [27] (wavelength range 12 nm-31 nm). This is the typical trend when circular states (with opposite helicity) are transmitted by birefingent optics set to a given geometry. The birefringent system in this case can be identified with the photon beam transport system. Figure 6 shows the theoretical polarizing properties of beamline LDM (see also caption for more details on the calculations). The beamline polarization properties descend both from the asymmetry in the reflectivity of the horizontal and vertical component (ρ=Rh/Rv) and from phase retardation of the components ∆ψ. The asymmetric reflectivity (parameter ρ) transforms an initially circular state into an elliptical one with vertical major axis, the phase retardation ∆ψ tilts the axis of the ellipse. Figure 7 compares the elliptical states measured at beamline LDM by means of fluorescence polarimetry and the theoretical ellipses due to transmission of 53.7 nm circular states through a polarizing device with parameters obtained from the calculation. 
SUMMARY OF EXPERIMENTAL RESULTS
Wavelength
CONCLUSIONS
The Stokes parameters of VUV light produced by FERMI FEL1 and available at experimental stations LDM and DiProI have been thoroughly characterized for different settings of the polarization at the source. The approach to the experiment was to make use of multiple techniques. The rationale behind this approach is to provide reliable measurements in different regions of the UV range and at the same time to test the feasibility of non-optical techniques with the potential for a singlepulse polarization analysis. Polarimetry in the UV region of the spectrum is in fact non trivial and setups spanning a long wavelength region may be obtained at the cost of accuracy and sensitivity. Single pulse polarimetry from a variable polarization FEL source was tested for the first time. The independent results are consistent with one another, and they all point out at the very high degree of polarized light available at the experiment. Stokes parameters analysis and theoretical calculations show that circular states at the source are transmitted to the experiment as elliptical due to the polarizing properties of the photon beam transport optics. The effect is more pronounced at long wavelength but even in this case a high degree of circular polarization for dichroism experiments was measured.
